ABSTRACT Trichogrammatid wasps are used widely as biocontrol agents against a variety of lepidopteran pests. However, the broad physiological host range of most Trichogramma species raises concerns about the potential impact of released wasps on nontarget Lepidoptera. If wasps exhibit a preference for agricultural over nonagricultural habitats, this could lessen the risk for many nontarget species that occur primarily in natural habitats. In this study, we examined the habitat selection behavior of Trichogramma ostriniae Pang and Chen, an Asian species that has shown considerable promise in the United States as a biological control agent against the European corn borer, Ostrinia nubilalis Hü bner (Lepidoptera: Crambidae). On two different farms, we released wasps in a border area between corn (Zea mays L.) and natural forest, at locations equidistant to the two habitats. We monitored wasp movement for 4 wk using sticky cards placed up to 30 m inside each habitat. The results showed that T. ostriniae wasps have no inherent avoidance of entering forest habitat. Overall, however, corn habitat was more attractive to the wasps than forest habitat. The relative attractiveness of corn versus forest habitat also increased over time. We discuss our results on T. ostriniae habitat selection behavior within the context of information on T. ostriniae physiological host range and searching efÞciency within different habitats and address the implications for risk to nontarget forest Lepidoptera.
Since the beginning of modern biological control, there have been Ͼ5,000 natural enemy introductions against insect pests worldwide, with hundreds of pests successfully controlled and often considerable concomitant economic beneÞts (Greathead 1995, Lynch and Thomas 2000) . Recently, however, concerns have been raised regarding the potential negative impacts of introduced natural enemies on nontarget species and indigenous communities (Howarth 1991, Follett and Duan 2000) . Rigorous data relating to the actual or potential nontarget impacts of introduced insect natural enemies are scarce except for a few wellstudied cases (Lynch and Thomas 2000, Louda et al. 2003) . However, such data are essential, if we are to be able to effectively evaluate the economic and ecological beneÞts and costs of particular biological control programs.
Trichogramma wasps (Hymenoptera: Trichogrammatidae) are minute egg parasitoids that are applied, primarily augmentatively, to millions of hectares of agricultural and forest lands worldwide for control of pest Lepidoptera (Li 1994) . Although the biocontrol use of these wasps has generally been considered relatively low risk with respect to potential nontarget impacts, the broad physiological host range of most Trichogramma species warrants some attention, because polyphagy can increase the likelihood of attack on nontargets (Nafus 1993) . Consequently, many authors (Orr et al. 2000 , van Lenteren et al. 2003 , Wright et al. 2005 ) emphasize the importance of evaluating a Trichogramma speciesÕ habitat speciÞcity when assessing nontarget risk, because a restricted habitat use would limit the number of potential host species encountered in the Þeld, and thus could mitigate the increased risk stemming from the waspsÕ broad physiological host range. Trichogramma are believed to be much more habitat-speciÞc than host-speciÞc (Smith 1996 , Pinto 1998 , with the mechanism of this habitat speciÞcity involving wasp responses to a variety of physical, plant-derived, and host-derived factors (Keller et al. 1985 , Nordlund 1994 . However, much remains unknown about the speciÞc habitat use patterns of different Trichogramma species and about the habitat location or habitat selection process of these wasps in general (Nordlund 1994 , Pinto 1998 .
Trichogramma ostriniae Pang and Chen was imported into the United States from China in the early 1990s for evaluation as a biocontrol agent against the European corn borer, Ostrinia nubilalis Hü bner (Lepidoptera: Crambidae), which is a serious pest of corn (Zea mays L.) and other crops in North America (Mason et al. 1996) . The wasp species was identiÞed as a strong candidate for development against O. nubilalis in the United States based on laboratory screening (Hassan and Guo 1991) , the waspÕs successful commercial use against Asian corn borer (Ostrinia furnacalis Guené e) in Asia (Nafus and Schreiner 1991, Smith 1996) , and the lack of any native Trichogramma species in the United States shown to be commercially feasible against O. nubilalis (Losey and Calvin 1991 , 1995 , Andow et al. 1995 . In subsequent Þeld trials in the United States, T. ostriniae has shown considerable promise as an effective control agent against O. nubilalis in sweet corn (Seaman et al. 1997 , as well as in solanaceous crops (Kuhar et al. 2004) , and the species is currently on the verge of commercialization. Despite many years of relatively large-scale releases, primarily in the northeast, there has yet been no conclusive evidence of the speciesÕ establishment in the United States , with the availability of suitable overwintering hosts being a likely crucial limiting factor (unpublished data). The current situation of T. ostriniae in the United States therefore presents a prime opportunity for conducting studies assessing nontarget risk, because (1) studies can be conducted under realistic Þeld conditions in the current geographical release area with minimal risk of permanent harm to nontargets resulting from the research itself; and (2) there is still time to stop or limit the speciesÕ wider use in the United States, should a high potential for detrimental nontarget effects be found.
The host-Þnding process of a parasitoid can be separated into a habitat selection step and a host search (within the chosen habitat) step (Vinson 1976) . In the study reported in this paper, our objective was to examine T. ostriniae habitat speciÞcity in terms of the Þrst step in the host Þnding process, habitat selection. SpeciÞcally, our goal was to determine the extent to which wasps moved into adjacent corn or natural forest habitats after release in a border area between the two habitats. Sweet corn, particularly fresh market varieties, is often grown in small-acreage Þelds in the northeastern United States. With the high perimeter to area ratios of such Þelds, it may often occur that wasps released into a cornÞeld will reach the Þeld edge and be actively or passively dispersed into border areas adjacent to both corn and natural habitat. In addition, in geographical areas where T. ostriniae can successfully overwinter, weedy border areas are likely to be prime overwintering sites. The habitat selection situation that we examined in this study is thus relevant to predicting the nontarget habitat use of T. ostriniae in both an augmentative release scenario and in the event of the establishment of the wasp in the United States.
Materials and Methods
Study Sites. We conducted the study during the summers of 2003 (movement study) and 2005 (sampling-efÞciency measurements), on two commercial fresh-market sweet corn farms near Freeville and Big Flats, NY. The cornÞeld at Freeville comprised 17.5 ha and had a 350-m edge adjacent to forest; the Big Flats Þeld comprised 9 ha and had a 250-m edge adjacent to forest. At both sites, a sparsely vegetated border area measuring 6 Ð30 m in width separated the cornÞeld and forest habitats, and each habitat extended at least 100 m from the edge of the border area. The cornÞelds consisted of different-aged plantings arranged in closely spaced, parallel rectangular blocks, with each block having one narrow side abutting the corn-forest border. The forest habitats at each farm consisted of relatively undisturbed secondary or tertiary growth containing a mix of maple (Acer spp.), beech (Fagus spp.), dogwood (Cornus spp.), and other deciduous tree, shrub, and forb vegetation typical of upstate New York (Sutton and Sutton 1985) .
Wasp Source. Our laboratory T. ostriniae colony was established in 1992 with wasps from a USDA (APHIS-PPQ, Mission, TX) strain derived from wasps imported in 1990 from Jilin Province, China, and we have maintained our colony since then without a loss of Þtness ). For our studies, wasps were mass-produced on irradiated (to prevent caterpillar development) Ephestia kuehniella Zeller (Lepidoptera: Pyralidae) eggs under nominal conditions of 16:8 (L:D) h, 30ЊC, and 80% RH (Morrison 1985) . For releases, parasitized E. kuehniella eggs were glued to the inside of a minutely perforated paper cone or to one end of a poster board strip, which was folded over and stapled to deter predator access while allowing egress of newly eclosed adult wasps. Release cohorts consisted of mixed wasp production cohorts, which resulted in a relatively prolonged (Ϸ1 wk) period of wasp emergence from the release containers.
Movement Study. At each farm in 2003, we set up four parallel transectsÑtwo "release" and two "nonrelease"Ñrunning between the corn and forest habitats, with the endpoints of each transect located 30 m inside the given habitat. The release transects received supplementation with T. ostriniae wasps. Sampling along the nonrelease transects was used to account for the background levels of native Trichogramma. Reliable identiÞcation of Trichogramma species requires considerable training in morphological and/or molecular systematics methods (Pinto 1998 , Stouthamer et al. 1999 . By establishing T. ostriniae release and nonrelease transects and comparing overall Trichogramma abundances between the two wasp treatments, we were able to detect the movements of the released T. ostriniae without the need for time-consuming species-level identiÞca-tions. Since the cornÞelds were comprised of parallel blocks of different-aged plantings, we aligned the transects along the midlines of different blocks so that each release transect was paired with a control transect located in a different block of similar planting age. This resulted in varying distances between transects (from 25 to 150 m); however, release and nonrelease transects were always located at least 50 m apart from one another.
We released T. ostriniae wasps in the border area at the center of each release transect by tying release cones (at a height of Ϸ0.5 m) to stakes located equidistant to the edges of the two different habitats. An initial release of Ϸ10,000 wasps per release transect (estimated from number of parasitized eggs and typical adult emergence rates) was made on 14 Ð15 July. Because of poor wasp recapture during the Þrst sampling week after this release, a second release of Ϸ20,000 wasps per release transect was made on 24 July (in the middle of the second sampling week) at the same release locations. The empirical equations reported by Wright et al. (2001) for T. ostriniae dispersal in sweet corn, as well as our prior experience with different T. ostriniae release rates , were used as guides to determine a release rate that would provide intermediate wasp recapture rates along the release transects while minimizing contamination of nonrelease transects by T. ostriniae dispersing from release areas. The areas sampled by the transects and the total numbers of wasps released were very low relative to the sizes of the cornÞelds or forest areas used; thus, we did not adjust the release rates for differences in habitat size between habitat types or farms, because we assumed that wasp dispersal into a given habitat was unlikely to be limited by this factor. Corn plants were at the early-to midwhorl stage at the time of the Þrst release, similar to the timing of early-season inoculative T. ostriniae releases against O. nubilalis in commercial sweet corn .
We monitored Trichogramma activity using yellow 7.5 by 15-cm two-sided sticky cards attached to stakes located every 5 m along the transects, starting from the edge of each habitat (0 m) and proceeding up to 30 m within each habitat, for a total of 14 sampling stations (7 per habitat) along each transect. In corn, the cards were placed at 50 cm above the ground or at one-half the current canopy height, whichever was higher. Cards in forest were placed at comparable heights in semi-open areas near understory vegetation. Sampling began on the Þrst day of T. ostriniae releases at each farm and continued for 4 consecutive wk, with cards retrieved and replaced with fresh cards after 1 wk of exposure. The numbers of Trichogramma individuals on each card (identiÞed only to genus, using characters described by Pinto 1998) were counted with the aid of a dissecting microscope.
We inferred the movements of the released T. ostriniae by using a generalized linear model to determine whether wasp treatment (release or nonrelease) had a signiÞcant effect on the numbers of Trichogramma wasps captured on the sticky cards. Any signiÞcant increase in Trichogramma abundance (wasp counts) in the release transects relative to the nonrelease transects was presumed to be caused by T. ostriniae. To avoid pseudoreplication (Hurlbert 1984 ) from the two transects in a wasp treatment being located within the same physical habitat area, we averaged the wasp counts across the two transects in a wasp treatment, for each of the 224 unique combinations of farm, habitat, wasp treatment, distance, and sampling period (2 by 2 by 2 by 7 by 4). All analyses were based on this derived data set of 224 wasp count means (deÞned as variable CountMean).
First, we analyzed the data separately for each sampling period (week) for the different habitats on a given farm to examine the temporal pattern of T. ostriniae movement. Using an iteratively reweighted likelihood procedure (GLIMMIX macro for SAS/ STAT Version 8, which is based on PROC MIXED; Littell et al. 1996 , SAS Institute 1999), we Þt a generalized linear model (WolÞnger and OÕConnell 1993) to the data with CountMean as the response measure, WaspTreatment (release or nonrelease of T. ostriniae) as an independent predictor variable, and distance from the edge of the habitat (Distance) as a linear covariate. We included the interaction Distance ϫ WaspTreatment in the model if it was signiÞcant at P Ͻ 0.05. We then examined the overall effects on Trichogramma abundance of wasp treatment, habitat, distance into a habitat, week, and farm, by analyzing all of the data together using a similar generalized linear model, with CountMean as the response measure and WaspTreatment, Habitat, Distance, Week, and Farm as main effects. In this overall model, we treated the wasp counts from different weeks as repeated measures over time for each of the 56 unique combinations of farm, habitat, wasp treatment, and distance (2 by 2 by 2 by 7; REPEATED statement within PROC MIXED; SAS Institute 1999). This blocked for any inherent variation (independent of the different main effects) among sampling locations in their general attractiveness to Trichogramma. Results are presented for the model that included the Þve main effects and any second-or third-order interaction terms that were signiÞcant at the P Ͻ 0.05 level.
Sticky Trap Sampling Efficiency. Quantifying the relative sampling efÞciencies of sticky cards for Trichogramma in corn versus forest allows us to draw conclusions from the wasp counts in the movement study regarding the comparative numbers of T. ostriniae individuals moving into corn versus forest. To measure these relative sampling efÞciencies, we conducted release-recapture trials in 2005 in the same cornÞelds and forest areas as used in the movement study. For each release-recapture trial, we simultaneously released T. ostriniae wasps into relatively large (1.6 Ð3.2 ha) continuous sections of corn and forest habitat at the rate of 75,000 wasps/ha. Releases were made at a height of Ϸ0.5 m in both habitats. We recaptured the wasps using yellow 7.5 by 15-cm twosided sticky cards placed at similar heights and microenvironments as the cards used in the movement study. The sticky cards (n Ն 10 for each habitat) were exposed for 1 wk immediately after wasp release. At Freeville, two separate paired (corn and forest) releases were made: one with corn in the early-whorl stage and one with corn in the silking stage. At Big Flats, a single paired release was made with the corn habitat for this release comprising both early-whorl corn and silking corn located in adjacent plantings.
Summarized results are presented for the sticky card recapture rates of Trichogramma in corn and forest. These data were not directly incorporated into the movement study analyses, but were taken into account in interpreting that studyÕs results (see Discussion).
Results
Examination of the sticky card data from the nonrelease transects showed that, at both Freeville and Big Flats, there were low numbers of naturally occurring Trichogramma distributed relatively homogeneously in both the corn and forest habitats, with little change in these speciesÕ overall abundance over the 4 wk of the study (Fig. 1) . When the two wasp treatments were compared, the Trichogramma counts at Freeville were signiÞcantly higher in the release transects relative to the nonrelease transects during the Þrst 3 sampling wk in corn and during the Þrst sampling week in forest (Table 1 ; Fig. 1a) . At Big Flats, WaspTreatment had a signiÞcant effect on Trichogramma abundance during the second and third sampling weeks in corn and during the second sampling week in forest ( Fig. 1b; Table 1 ). For both farms, whenever there was a signiÞcant effect of WaspTreatment, there was also a signiÞcant effect of Distance or the interaction WaspTreatment ϫ Distance (Table 1) . The sign of the coefÞcient for the Distance variable in these cases was always negative, indicating that wasp numbers tended to be greater toward the corn-forest border (Fig. 1) . This was the expected pattern if the T. ostriniae release cones located at the border were, as assumed in the experimental design, the source of the additional wasps detected in the release transects.
The increases in Trichogramma abundance caused by T. ostriniae supplementation in the release transects ( Fig. 1) were also indicated by the signiÞcant WaspTreatment effect in the overall generalized linear model ( Table 2 ). The general decrease in wasp numbers with increasing distance from the release points and the changes in wasp numbers over time (Fig. 1) were indicated by the signiÞcant Distance and Week effects in this overall model ( Table 2 ). The interaction effect WaspTreatment ϫ Habitat was also signiÞcant ( Table 2 ), indicating that there was a greater increase in wasp numbers caused by T. ostriniae in one habitat (corn) than in the other (forest), and conÞrming the pattern seen when the data were examined separately for different weeks (Table 1 ). This interaction between wasp treatment and habitat type differed somewhat between the two farms, however, as indicated by the signiÞcant Farm ϫ WaspTreatment ϫ Habitat interaction in the overall model. The interactions Farm ϫ WaspTreatment, Habitat ϫ Week, and Farm ϫ Habitat ϫ Week were also signiÞcant sources of variation in wasp abundance ( Table 2) .
The results of the release-recapture trials measuring the relative sampling efÞciencies of sticky cards for Trichogramma in corn and forest habitats are given in Table 3 . At Freeville, the mean number of wasps per card captured in forest in the week after the releases was about twice the capture rate in corn. At Big Flats, the wasp capture rates were similar between forest and corn habitats, although mean capture rates were slightly higher in forest. At both farms, similar wasp capture rates were found in early-whorl corn and silking corn.
Discussion
The potential for biocontrol Trichogramma to enter into nontarget habitats has typically been examined through cross-habitat (crossing from one habitat to another) dispersal studies in which the short-term movement of wasps into adjacent nontarget areas is quantiÞed after augmentative releases into agricultural Þelds (Orr et al. 2000 . It can be difÞcult to draw Þrm conclusions regarding Trichogramma habitat speciÞcity from such studies, however, because limited movement into nontarget areas could result from a generally poor wasp dispersal ability or from a reluctance of wasps to cross open areas between habitats (Smith 1996, see also Wright et al. 2005) , rather than from a true habitat speciÞcity for the target habitat. In our study, we released wasps in a border area equidistant to target and nontarget habitat, thus avoiding the potential confounding of habitat speciÞcity and dispersal ability. Given this equal accessibility of target and nontarget habitats, we found that T. ostriniae entered into both habitats in numbers sufÞcient to signiÞcantly increase overall Trichogramma abundances, although this occurred more frequently in corn than in forest. Thus, it would appear that there are no inherent abiotic or plant-related attributes of forest habitat that lead T. ostriniae to avoid entering forest areas, even though other researchers have found that some Trichogramma will avoid areas because of adverse abiotic conditions (reviewed by Smith 1996) or the presence of repellent plant volatiles (Romeis et al. 1997 (Romeis et al. , 1999 .
Interestingly, our results indicate that the relative attractiveness of forest versus corn changed over time. In particular, in early sampling periods, there was a signiÞcant effect of T. ostriniae supplementation in both habitats, whereas in later periods, there was a signiÞcant effect of supplementation only in corn. This occurred while the overall wasp numbers captured stayed approximately the same or increased in later periods, so the changes in signiÞcance cannot simply be attributed to overall declining T. ostriniae numbers over time and a subsequent greater difÞculty (in both habitats) of detecting a signiÞcant effect of supplementation. This increase in the relative attractiveness of corn (or equivalently, decrease in the relative attractiveness of forest) over time suggests that the wasps may have been responding directly to habitatspeciÞc factors, such as plant architecture or host availability, that also follow a regular pattern of change over time. For instance, ancillary sampling in the corn during the movement study showed that O. nubilalis egg mass abundance increased from weeks 1 to 3 at Freeville and from weeks 2 to 4 at Big Flats (unpublished data), which correlates well with the observed increase in the relative attractiveness to T. ostriniae of corn versus forest over the course of the study. However, additional repetitions of the study, coupled with the measurement or manipulation of likely explanatory factors such as host abundance, would be needed to elucidate the speciÞc mechanisms underlying the temporal and spatial patterns of T. ostriniae movement that we observed, and to determine the extent to which these patterns are typical for other years or locations.
Although the sticky card wasp counts in the movement study allowed us to determine whether T. ostriniae supplementation signiÞcantly increased the overall Trichogramma abundance within a given habitat, additional information on sticky card sampling efÞciency is needed to make inferences about the comparative numbers of T. ostriniae individuals entering forest versus corn. Our sampling efÞciency measurements in 2005 showed that sticky cards were equally or more efÞcient at capturing Trichogramma wasps in forest compared with in corn. Thus, we have reasonable conÞdence in concluding that our observations in the movement study of only small increases in Trichogramma abundance in forest after T. ostriniae supplementation, coupled with much larger increases in corn, are indicative of greater actual numbers of T. ostriniae individuals moving into corn than into forest. This conclusion, in turn, suggests that the wasps exhibited a preference for corn over forest in terms of their habitat selection behavior, although the possibility that the observed pattern may also have been caused in part by factors entirely unrelated to wasp choice behavior cannot be ruled out. Wind, for instance, can often affect the distance and direction of Trichogramma displacement after release (Keller et al. 1985 , Smith 1996 . For our study, however, we believe it unlikely that wind could have been the primary cause of the greater observed movement of T. ostriniae b Release or nonrelease of T. ostriniae wasps at the cornÐforest border during weeks 1 and 2.
c Distance from habitat edge to location of sampling station within that habitat; included in the model as a linear covariate. The effect of Distance on the dependent response variable is indicated by * P Ͻ 0.001; 0.001 Ͻ P Ͻ 0.01; à 0.01 Ͻ P Ͻ 0.05; ¤ 0.05 Ͻ P Ͻ 0.10; ¦ P Ͼ 0.10. The sign of the coefÞcient for the Distance variable in the model is given in parentheses.
d The interaction effect WaspTreatment ϫ Distance was included in the model only when it was signiÞcant at P Ͻ 0.05. The sign of the coefÞcient for the Distance variable when WaspTreatment ϭ release is given in parentheses. In terms of the potential risk posed by T. ostriniae to nontarget forest Lepidoptera, the waspsÕ lack of an inherent avoidance of forest implies that given some T. ostriniae presence at the cornÐforest border, some entry of wasps into forest will inevitably occur. With the waspsÕ greater attraction to corn habitat, however, the actual numbers of T. ostriniae entering forest may be quite small when the numbers of wasps at the corn-forest border is relatively low or moderate, such as may be the case after low-rate inoculative releases into cornÞelds. When the numbers of wasps at the border is relatively high, however, such as might occur immediately after inundative releases into cornÞelds, or in the spring after substantial overwintering of wasps at Þeld margins, there could potentially be a large number of wasps entering forest even when the wasps are more attracted to corn. The outcomes of such scenarios may depend on the effects of time of season or host dynamics on the relative attractiveness of the two habitats to T. ostriniae, however. Given the entry of some T. ostriniae into forest, the risk to nontarget Lepidoptera may yet be mitigated by these waspsÕ apparent poor search efÞciency for hosts within forest and other noncorn habitats (Kuhar et al. 2004 , Wright et al. 2005 . Like other Trichogramma species, however, T. ostriniae exhibits a broad physiological host range in laboratory parasitization trials (Hoffmann et al. 1995 , Wright et al. 2005 . Given a sufÞciently high number of host-seeking T. ostriniae in a given nontarget forest area, it therefore seems likely that at least some nontarget lepidopteran eggs will be found and subsequently parasitized. The ways in which T. ostriniae is usedÑ e.g., inoculative versus inundative application, seasonal timing of releases, and whether wasps are released in geographical areas where overwintering is likely to occurÑare therefore likely to have important impacts on the waspsÕ extent of nontarget habitat use, and ultimately, on the risk to nontarget species.
Despite the general and long-held belief in the existence of habitat preferences among Trichogramma (Flanders 1937 , Nordlund 1994 , our results suggest that biocontrol practitioners should be cautious in assuming a priori that habitat speciÞcity for agricultural habitats on the part of biocontrol Trichogramma will protect nontarget species in natural habitats from attack. Indeed, the three most commonly used Trichogramma species in augmentative biological control seem to owe their popularity in part to their generally broad habitat and host tolerances (Smith 1996) . The likelihood of a given target or nontarget host being encountered by a wasp depends on the interaction of numerous factors, including abiotic conditions, hostor plant-derived chemical cues, and plant or habitat structure, which can inßuence the waspsÕ habitat selection, host search, and dispersal behavior (Keller et al. 1985 , Nordlund 1994 , Smith 1996 , Gingras et al. 2002 . Ascertaining which factors are most important in determining patterns of habitat and host use for a given Trichogramma species will allow more accurate prediction of the situations in which use of that species is likely to provide effective control of the target pest while posing a low risk to nontarget species.
